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In most cell types, cytosolic Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ is a key ion that controls major intracellular processes in health and disease^[@CR1]^. The signalling specificity of this ion largely relies on the spatio-temporal organisation of its stimulus-induced increases^[@CR2]^. For example, oscillations and waves can occur due to the auto-catalytic Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ release from the endoplasmic reticulum (ER), which acts as the main Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ store. However, Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ exchanges with other organelles further extend the spatio-temporal diversity of Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ signals. Among these, exchanges between the cytosol and mitochondria play an important role. Entry of Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ into mitochondria is mediated by the mitochondrial Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ uniporter (MCU), while exit occurs via the Na$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ and the H$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ exchangers (NCLX and HCX), in non-excitable cells^[@CR3]^. Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ uptake by mitochondria not only participates in the regulation of the cytosolic Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ concentration (\[Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$\]) but also stimulates mitochondrial respiration and ATP production^[@CR4]^.

The mitochondrial permeability transition pore (mPTP) can also transport Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$. Indeed, in response to a metabolic stress or to an excessive accumulation of mitochondrial Ca$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{2+}$$\end{document}$, an increase in the permeability of the inner mitochondrial membrane (IMM) can be observed. First described in the 1970's^[@CR5]--[@CR7]^, this phenomenon, called permeability transition, could rapidly be ascribed to a non-selective pore. Mitochondrial Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ overload and/or oxidative stress lead to a massive and unselective opening of the pore, which allows for the transit of molecules up to 1500 Da. This includes Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$, metabolic substrates and ATP. Consequently, opening of the mPTP in this mode induces the dissipation of the IMM voltage ($\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \Psi $$\end{document}$) and, finally, cellular death. However, the pore can also exhibit moderate and transient openings^[@CR8]^. Indeed, the existence of smaller conductance sub-states of the mPTP has been demonstrated by experiments on mitochondrial suspensions^[@CR9]^ and by electrophysiology^[@CR10],[@CR11]^. This mode of reduced activity contributes to Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ homeostasis and thereby helps maintaining normal cellular functions^[@CR8],[@CR12]^.

Well before its plausible molecular identification^[@CR13],[@CR14]^, it was known that many factors, including reactive oxygen species (ROS), pH, inorganic phosphates or cyclophilin D regulate the permeability transition^[@CR12]^. Importantly, the main drivers of mPTP opening are $\documentclass[12pt]{minimal}
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                \begin{document}$${}_{{\rm{m}}}$$\end{document}$). Opening requires a low voltage and a high Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ load. Once open, the mPTP allows for the passage of ions, including Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ itself, which leads to mitochondrial membrane depolarisation (Fig. [1](#Fig1){ref-type="fig"}). There is no evidence of any specific regulator that would drive the mPTP from a low- to a large opening state, and it can thus be anticipated that this passage results from a network of feedback regulations.Figure 1Schematic representation of the model describing Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ dynamics and mPTP opening in mitochondrial suspensions. The model includes Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ exchanges between mitochondria and the extra-mitochondrial medium through the Mitochondrial Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${J}_{MCU}$$\end{document}$), the Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${J}_{CX}$$\end{document}$), and the mPTP ($\documentclass[12pt]{minimal}
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                \begin{document}$${J}_{PTP}^{Ca}$$\end{document}$). The mPTP is potentially permeable to ions (H$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{+}$$\end{document}$, \...) and small solutes. These fluxes are gathered in $\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ triggers the reduction of NAD$\documentclass[12pt]{minimal}
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                \begin{document}$${J}_{PDH}$$\end{document}$) that can be oxidised by the electron transport chain ($\documentclass[12pt]{minimal}
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                \begin{document}$${J}_{O}$$\end{document}$) to generate a proton gradient. A leakage of protons into the mitochondrial space is considered ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${J}_{H,leak}$$\end{document}$). ATP synthesis is not included because the medium does not contain adenine nucleotides. The model reproduces a resting state (on the left) and a Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$-overloaded state (on the right). At rest, the Ca$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{2+}$$\end{document}$ concentration in the suspension is low. Thus, the mPTP does not open fully, and the fluxes through this pore ($\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \Psi $$\end{document}$ is maintained thanks to the extrusion of protons. Upon the addition of a massive amount of Ca$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{2+}$$\end{document}$ in the medium ($\documentclass[12pt]{minimal}
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                \begin{document}$${J}_{in}$$\end{document}$), the mPTP opens and becomes highly permeable to ions and solutes. This leads to the dissipation of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \Psi $$\end{document}$. See text, [SI](#MOESM1){ref-type="media"} Appendix and Wacquier *et al*.^[@CR22]^ for more details on the model.

In this study, we hypothesised that the two operating states of the mPTP rely on bistability. In such a scenario, two stable steady-states can coexist in a range of \[Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{{\rm{m}}}$$\end{document}$, which confers robustness to both states of channel opening. This assumption is based on the observation of a positive feedback loop that relies on the cross-inhibition between mPTP opening and mitochondrial voltage ($\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \Psi $$\end{document}$, we anticipated that this positive feedback loop constitutes the core regulatory mechanism of mPTP opening. We first built a computational model formalising the mechanism just described. As assumed, the model can display bistability. We validated the model and parameter values using experiments in mitochondrial suspensions, which allow for controlled Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ exchanges between mitochondria and the extra-mitochondrial medium (em). The model then led us to rightly predict the conditions in which a hysteretic behaviour, which is a hallmark of bistability, can be observed. The robustness of bistability was assessed by a sensitivity analysis of the computational model. Finally, we showed that the model recapitulates the reversible, transient openings of the mPTP observed in intact cells. In conclusion, this work proposes a simple dynamical mechanism by which mitochondria can safely use the mPTP in two operating modes, which differ drastically by their conductances and by their physiological implications. Put in a cellular context, the proposed bistable behaviour not only provides robustness to the Ca$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{2+}$$\end{document}$ transport properties of the mPTP, but also ensures that, once initiated, the mPTP-induced mitochondrial depolarisation is physiologically irreversible.

Model {#Sec2}
=====

The regulation of the mPTP by \[Ca$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \Psi $$\end{document}$ falls below a threshold^[@CR17],[@CR18]^. In agreement with experimental data^[@CR19],[@CR20]^, the value of the threshold is controlled by \[Ca$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{2+}$$\end{document}$\]$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{{\rm{m}}}$$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${C}_{m}$$\end{document}$ in the model). The rate of mPTP closure is described by a linear function. Thus, the evolution of the fraction of open mPTP is given by : $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{dPTP}{dt}={V}_{op}(1-PTP)\frac{1}{1+{e}^{\frac{\Delta \Psi -{q}_{op}\cdot {C}_{m}}{{q}_{11}}}}-{k}_{cl}\cdot PTP,$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${V}_{op}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${k}_{cl}$$\end{document}$ are rate constants of mPTP opening and closing, respectively. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${q}_{op}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${q}_{11}$$\end{document}$ set the Ca$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{2+}$$\end{document}$ and the voltage dependencies of mPTP opening. When the mPTP is open, Ca$\documentclass[12pt]{minimal}
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Finally, NADH is produced by the Krebs cycle and consumed in the ETC, which is described by $$\documentclass[12pt]{minimal}
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Results {#Sec3}
=======

The mPTP acts as a bistable switch {#Sec4}
----------------------------------

Bistability often occurs in a system including a positive feedback loop^[@CR25],[@CR26]^. As schematised in Fig. [2A](#Fig2){ref-type="fig"}, such a loop exists between the mPTP and $\documentclass[12pt]{minimal}
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The switch-like behaviour shown in Fig. [3](#Fig3){ref-type="fig"} is compatible with the existence of bistability, but might also rely on the existence of a sharp threshold. To investigate if the switch corresponds to a change of steady-state, we cannot draw bifurcation diagrams as a function of $\documentclass[12pt]{minimal}
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Hysteresis in mPTP opening {#Sec5}
--------------------------

We next wondered if experiments can validate the hysteresis predicted by the model. We first checked in a control experiment that in a medium devoid of mitochondria, the addition of a given amount of Ca$\documentclass[12pt]{minimal}
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Robustness of bistability {#Sec6}
-------------------------

To be biologically relevant, bistability in mPTP dynamics must be robust with respect to cell-to-cell variations. It is thus important to check that the bistable behaviour predicted by the mathematical model occurs for a large range of values of the kinetic parameters. We first analysed the extent of the domain of bistability when changing the values of the parameters of the model (Fig. [5](#Fig5){ref-type="fig"}, in blue). It is visible that bistability occurs in a quite extended range of values of all parameters. The existence of bistability is sensitive to the kinetic parameters that control the opening of the pore ($\documentclass[12pt]{minimal}
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Simulation of transient openings of the mPTP {#Sec7}
--------------------------------------------

The level of opening of the mPTP in its low conductance mode is in average very small. The associated Ca$\documentclass[12pt]{minimal}
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We developed a stochastic version of the model to simulate transient mPTP openings ([SI](#MOESM1){ref-type="media"} Appendix). As these openings remain highly localised, we simulated a small volume containing a single mitochondrion, and considered that the concentration of cytosolic Ca$\documentclass[12pt]{minimal}
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Discussion {#Sec8}
==========

We have provided a minimal description of the dynamics of the mPTP, in which we only considered the regulation of the pore by its main regulators, Ca$\documentclass[12pt]{minimal}
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Much remains to be done to assess the physiological relevance of the low conductance mode of the pore in intact cells. We have touched this question by performing stochastic simulations of the model in conditions corresponding to a single mitochondrion facing different levels of Ca$\documentclass[12pt]{minimal}
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The mPTP is involved in the pathophysiology of many diseases, ranging form ischemia/reperfusion injury to neurodegenerative disorders^[@CR49]^. It would be useful to integrate the present description of the mPTP as a bistable molecular switch in comprehensive models of mitochondrial Ca$\documentclass[12pt]{minimal}
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